ABSTRACT The physico-chemical quality attributes of meat from broilers with significant differences in growth rate were investigated in this study. Two chicken populations from a random mating broiler control population were established as a slow-growing subpopulation (SG) with an average growth rate of 229 g/wk and a fast-growing subpopulation (FG) with an average growth rate of 319 g/wk. The initial pH at 15 min and final pH after 24 h were higher (P < 0.05) in breast muscle from FG than muscle from the SG population. Muscle from the SG had higher (P < 0.05) L* and b* of 57.0 and 11.2, compared with L* and b* of 55.8 and 10.5 from the FG. Although no difference in a* was observed, hue angle was different (P < 0.05)
INTRODUCTION
The successful growth of the poultry broiler production is strongly related to improvements in growth rate and carcass yield. Economic viability of the poultry meat industry depends on high-quality attributes of poultry meat, such as appearance (color), eating quality (texture, flavor), and functional attributes, such as water-holding capacity (WHC), drip loss (DL), cook yield (CY), pH, and texture (Northcutt, 1997; Fletcher, 2002 ). These quality traits influence the profitability of poultry processors and retailers. Good WHC is essential in protein-based food products (Northcutt, 1997; Le Bihan-Duval et al., 2008) . Meat lighter than normal in color and low in pH is associated with low WHC (Woelfel et al., 2002; Samuel et al., 2012) . Variation in muscle chemical and physical composition, pH, and protein extractability directly affect WHC, emulsifying capacity, gel strength, and cook loss (Barbut, 1996; Huff-Lonergan and Lonergan, 2005) .
Muscle pH and meat color have high correlations to meat characteristics especially at extreme low or high values. Higher muscle pH is associated with darker meat, and lower muscle pH is associated with lighter meat (Fletcher, 2002; Petracci et al., 2009; Samuel et al., 2012) . Water binding nature of the proteins is affected by pH, resulting in changes in the physical structure of meat and light reflecting properties (owens et al., 2000; Fletcher, 2002; Woelfel et al., 2002) . Although pH and lightness values are negatively correlated to poultry quality, no specifications for pH or lightness are established that clearly differentiate poultry meat quality (Fletcher, 2002) . In a study of growth rate and pale muscle in commercially processed broilers, Samuel et al. (2012) reported a wide range of L* (lightness) values from the literature in poultry preselected for growth rate. Samuel et al. (2012) showed a weak correlation between WHC and L* in commercially processed broilers, which were not preselected for growth rate, and concluded that lightness is likely due to other factors, including growth rate.
The increase in poultry meat production in the last 50 yr is the result of intense selection for growth rate. Fast growth rate in chickens is highly desirable to meet at 52.7 and 50.4 in FG and SG populations, respectively. Water-holding capacity was 25 to 27% and not different between the populations, but 5-d drip loss at 8.48% was higher (P < 0.05) in the muscle from the SG compared with the FG at 6.44%. Cook yield was higher (P < 0.05) in the FG muscle at 86.92% compared with the SG muscle at 85.96%. There was a positive correlation of +0.20 between pH difference and drip loss only in the FG. Significantly higher (P < 0.05) cook yields were observed in muscle from FG than SG chickens. The lower weight, higher L* value, and lower initial and final pH values in the SG population, coupled with higher drip loss and lower cook yield, likely result from differences in growth rate. the need for poultry products and to increase the profit margin. However, only a few studies relate growth rate in chicken to meat quality (Le Bihan-Duval et al., 2001; Doherty et al., 2004; Berri et al., 2005; Fanatico et al., 2007; Le Bihan-Duval et al., 2008; Teltathum and Mekchay, 2009 ). Although there is some direct empirical evidence that selection for growth affects meat quality attributes, the conclusion results from small populations, unmonitored production factors, or unknown genotypes. More rigorous estimates of the relationship between growth rate and meat quality attributes are needed. In this study, a known population of Arkansas randombred chicken line was grown under the same conditions and processed under controlled conditions. Slaughter weight at 6 wk, as is typical of a commercial operation, was used to segregate chickens into slowor fast-growing groups. The objectives of this study were to investigate the variability of meat characteristics of breast muscle (pectoralis major, PM) from a slow-growing subpopulation (SG) and fast-growing subpopulation (FG) of chickens and to ascertain the relationship of meat physico-chemical attributes in these chicken populations.
MATERIALS AND METHODS

Chickens
The same chicken population was used as described in Shim et al. (2012) . The population is a random mating broiler control line (Arkansas randombred). A total of 1,146 chicks over 5 hatches were hatched in 2-wk intervals, sexed at hatch, and placed in pens (0.074 m 2 /bird) with litter. All birds were wing banded for identification. For all hatches, chicks were fed a starter ration with a calculated composition of protein (225 g/ kg), fat (52.8 g/kg), fiber (25.3 g/kg), ME (12.90 MJ/ kg), calcium (9.5 g/kg), and total P (7.2 g/kg at 4.5 g/ kg available P) until 18 d of age. Hereafter, they were fed a grower ration of protein (205 g/kg), fat (57.6 g/ kg), fiber (25.0 g/kg), 13.20 MJ of ME/kg, Ca (9.0 g/ kg), and total P (6.7 g/kg at 4.1 g/kg of available P). The birds were kept on a 20L:4D regimen. Body weight was measured at hatch and weekly at 4 h after the beginning of the light period until 6 wk. All procedures relating to the use of live animals were approved by the university of Georgia Institutional Animal Care and use Committee.
For each hatch, chickens were randomly crated and transported to the processing room, where each was weighed, killed by exsanguination, scalded, defeathered, and eviscerated. Carcasses were weighed and chilled on ice in a walk-in cooler at 5°C overnight. Two subpopulations were created based on their growth rate (GR) from hatch until 6 wk of age. From a distribution based on growth rate of 2,400 individuals, birds with GR greater than 1 SD from the mean were classified as FG, and those with a GR less than 1 SD from the mean were classified as SG. There were 572 and 574 individuals in the SG and FG subpopulations, respectively. At 6 wk of age, after 2 to 4 h of feed and water withdrawal and during the 20L period, the chickens were slaughtered; all birds received the same treatment. Carcasses were chilled at 5°C overnight before deboning. Pectoralis muscle weight of both sides was measured during deboning. Pectoralis muscle yield (PMY) was calculated as grams of pectoralis major weight per kilogram of BW at wk 6.
Deboned PM muscles were analyzed for pH, color by Minolta Chroma meter, packed individually in the sealed plastic bag, and stored at 4°C. Analysis for WHC, DL, and CY was done within 2 to 5 d postmortem; samples were selected based on extremes of L* values at 24 h.
Meat Physico-Chemical Attributes pH Measurement. The pH at 15 min (pH15) was taken immediately after defeathering, and the pH at 24 h postmortem (pHu) was measured with a portable meter (model IQ240, IQ Scientific Instruments, San Diego, CA) equipped with a Piercing Tip Micro Probe (PH56-SS). The pH probe was directly inserted 2.5 cm deep at the thickest part of the right breast muscle. The difference between pHu and pH15 was denoted as pHDiff.
Color Measurement. Surface color of the left ventral part of PM muscle was measured in triplicate for each sample at 24 h postmortem using a Minolta colorimeter (model CR310, Minolta Corp., osaka, Japan) with the CIE L* a* b* system (Commission International de l'Eclairage), illuminant D65, 2° observer angle, and 50 mm port diameter; colorimeter was calibrated against a white ceramic plate using an illuminant source C. The L*, a*, and b* represent lightness, green to red, and blue to yellowness. Hue angle (H°) and chroma (C*) was calculated by using the following equation WHC. The WHC of breast meat was measured at 2 d postmortem by a method adjusted from Barbut (1996) . Whole breast PM, which weighed between 54 and 334 g, was minced in a small chopper (model KFC3100, KitchenAid, St. Joseph, MI) for 60 to 90 s at ambient temperature. A 10-g aliquot of the chopped muscle was mixed with 16 mL of 0.6 M NaCl in a preweighed centrifuge tube and incubated for 30 min at 4°C using a shaker water bath (model G76D, New Brunswick Scientific, Edison, NJ) at 175 rpm. Samples were centrifuged at 7,000 × g at 4°C for 15 min (Sorvall RC-5B, Du Pont Instruments, Wilmington, DE), and the excess fluid was decanted. The WHC was defined as the portion of fluid retained by the sample and expressed as a percentage of the initial weight.
DL and CY. The PM muscle at 5 d postmortem was blotted dry by paper towel and weighed. The DL was calculated as a percentage relative to the weight of the muscle at 1 d postmortem. The PM muscle at 5 d postmortem was tagged and cooked in a smokehouse at 71% RH, dry bulb temperature of 88°C, and wet bulb temperature of 79°C until the internal product temperature reached 78°C. Then the cooked meat was repeatedly showered with cool water for 3 min on and 1 min off, until the internal product temperature dropped to 60°C. Cooked muscle was blotted dry by paper towel and reweighed. The CY was calculated from the cook weight at 5 d divided by initial weight at 1 d; CY included DL at 5 d.
Statistical Analysis
Data were analyzed using the PRoC MIXED procedure of SAS (SAS Institute Inc., 2002) , and least squares means for all traits were computed. The PRoC CoRR (SAS Institute Inc., 2002) was used to analyze linear correlations between quality traits. A probability level of 0.05 or less was considered as significant.
RESULTS
The growth and meat characteristics of the 2 chicken populations were listed in Table 1 . The total number of observation for each variable depended on the selection for each assay. The BW at wk 0, BW at wk 6, GR, and PMY of the FG population were higher (P < 0.05) than those of the SG population. The SG population grew about 229 g/wk compared with almost 319 g/ wk for the FG population. The initial and final muscle pH values were higher (P < 0.05) in the FG (pH: 6.57 and 5.82) compared with the SG (pH: 6.45 and 5.71) population. There was no difference in muscle a* value between SG and FG populations. Muscle of the SG population had higher (P < 0.05) L* values of 55.00 and b* values 11.20 compared with L* values of 55.77 and b* values of 10.54 in the FG populations. The H° was significantly higher (P < 0.05) at 52.7 and 50.4 in FG and SG populations, respectively. Chroma was not different (P > 0.05) in muscle of slow and fast GR birds; values were 17.84 and 17.56 for SG and FG populations, respectively.
The WHC was similar in the populations, but DL of muscle was higher (P < 0.05) in the SG population (8.48) compared with the FG population (6.44). on the other hand, CY of muscle was higher (P < 0.05) in the FG population (86.92) compared with the SG population (85.96).
The Pearson correlation coefficients between attribute traits of SG and FG populations were summarized in Tables 2 and 3 . In breast muscle from SG and FG populations, pHu was negatively correlated with L* and b*; Pearson correlation coefficients of −0.31 and −0.18 were observed in the SG population. Pearson correlation coefficients of −0.36 and −0.14 were observed in the FG population. The pHu was positively correlated with a* with coefficients of +0.11 and +0.21 in the SG and FG populations, respectively. Also, pHDiff was positively correlated with L* and b*, but negatively correlated with a*. The coefficients for the SG population were +0.11, +0.14, and −0.22 for L*, b*, and a*, respectively. The coefficients for the FG population were +0.22, +0.16, and −0.23 for L*, b* and a*, respectively. In the muscle of both populations, CY was positively correlated with BW at wk 0: +0.20 and +0.23 for SG and FG populations, respectively. The H° was positively correlated with pHu (+0.23 and +0.21 in SG and FG populations, respectively) and negatively correlated with pH15 (−0.13 and −0.11 in SG and FG populations, respectively). The H° was negatively correlated with pHDiff (-0.31 and −0.23 in SG and FG populations, respectively. The C* was not corre- Means within a row lacking a common superscript differ (P ≤ 0.05). 1 pH15 = pH at 15 min postmortem; pHu = pH at 24 h postmortem; pHDiff = pH difference; L* = lightness; a* = green to red, b* = blue to yellowness; WHC = water-holding capacity at 2 d postmortem; DL = drip loss at 5 d postmortem; CY = cook yield at 5 d postmortem; BW0 = BW at 0 wk; BW6 = BW at wk 6; GR = growth rate; PMW = pectoralis major weight of both pectoralis major muscles; PMY = pectoralis major yield.
2 n = number of observations. lated with pH15, pHu, or pHDiff, but correlated with their determinants (a* and b*) in both breast muscle populations. The DL was positively correlated with L* with coefficients of +0.47 and +0.36 in SG and FG populations, respectively. The DL was correlated with pHu with coefficients of +0.22 and +0.26 in SG and FG populations, respectively. There were some unique differences in the relationships among meat attributes between the SG and FG populations. There was a positive correlation of +0.20 between pHDiff and DL in the FG population; however, there was no such correlation in the SG population. In the SG population, the pHDiff was positively correlated with PMY (+0.11), as well as L* (+0.11) and a* (−0.22). In the SG population, both C* (+0.21) and H° (−0.38) were correlated with L*. However, in the FG population, H° (−0.54), but not C*, was correlated with L*. The differences in response of hue angle and chroma suggested there was more intense color in the SG population.
DISCUSSION
The Arkansas randombred line was used for this study to enable the assessment of differences in GR with respect to meat quality. Commercial broilers are usually 3-or 4-way crosses, and uniformity in GR and size are essential in commercial strains to avoid differences in meat quality at slaughter. In essence, minimal differences would be obtained in commercial broilers because the population is the same. This study showed differences among quality traits in relation to GR, but correlations were low. The difficulties of relating meat quality and early postmortem glycolysis, pH, and individual muscle morphology, as well as the genetic basis for meat quality, were robustly summarized, and incongruities in the literature point to the need for further evaluation (Petracci et al., 2009) .
The L* to predict incidences of pale, soft, and exudative (PSE)-like conditions and meat quality is limited because predicted PSE incidences range from 9.8 to 80.3% depending on the use of proposed L* limits of 50, 54, or 56 (Petracci et al., 2009 ). Consistent with other individual studies, higher L* values were associated with lower pH and lower WHC. The variation in the literature for L* and PSE-like conditions and meat quality are likely influenced by genotype, production practices, and sampling practices (Petracci et al., 2009) . The higher L* value and lower pH15 and pHu in the SG population coupled with higher DL and lower CY may be an indication of soft exudative meat-like characteristic (PSE-like). Even though the incidence of PSE syndrome in broilers is not definitely established, rapid antemortem stress and glycolysis are implicated (Sosnicki et al., 1998) . In both groups of chicken, meat lightness (L*) was positively correlated with DL. Because a genetic relationship between L* and DL was previously demonstrated (Le Bihan-Duval et al., 2001) and as shown in our results, therefore, the L* value may be a good selection quality trait to assess potential DL in both FG and SG chicken populations. The results showed that L* and b* could be used to predict meat characteristics (e.g., DL).
The PM muscle of FG Arkansas randombred chickens generally had better meat quality attributes compared with SG chickens. Changes in pH relate to meat quality by the effect on DL in SG and FG populations. The initial and ultimate pH values are important quality values. The decrease in pH is caused by postmortem glycolysis, which includes the breakdown of ATP, formation of actomyosin, and increase in lactic acid (Berlitz et al., 2004) ; postmortem pH changes when the carcass is still warm and ATP concentration is high can acerbate quality loss (LeBihan-Duval et al., 2003) . Following a steric change reduction in the space of the myofibrils, water is forced from the intracellular space to the extra myofibrillar spaces, where the fluid is expelled more easily (Berlitz et al., 2004; Huff-Lonergan and Lonergan, 2005) . Differences in postmortem glycolysis between SG and FG populations may be reflected in different initial and ultimate pH values because the pH15 values were 6.45 and 6.57 in the SG and FG populations, respectively; pHu values were 5.71 and 5.82, respectively. However, although the pHDiff was not significantly different, a significant correlation was observed between pHu and pHDiff of −0.46 and −0.55, respectively, for SG and FG broilers. Even though the FG population had a higher pHu compared with the SG population, surprisingly there was no difference in the WHC, but the difference was manifested in DL. In our WHC measurement, addition of salt promotes water-binding in meat by dissociation of the actomyosin cross-bridges and promotes swelling of myofibrils (Barbut and Findlay, 1989) . The similarity between WHC from SG and FG populations in this study may result from similar muscle structure between SG and FG populations. The results suggest that muscle from SG population could be used as effectively as muscle from FG population in specific applications (e.g., marinades with salt to promote WHC). Berri et al. (2005) proposed that the selection for rapid growth and muscle development produces meat with higher pHu, lower DL, and higher CY. In both chicken populations of this study, there was a negative relationship between pHu and DL and between pHu and CY. However, in this study, the SG population had significantly less slaughter weight compared with the FG at the same age. Thus, Arkansas randombred birds, with low hatch weight and slow GR, do not attain the same level of physiological development as the fast growing birds. In the current study, DL value was higher than reported in the literature (Van Laack et al., 2000; Le Bihan-Duval et al., 2001; Woelfel et al., 2002; Berri et al., 2005; Le Bihan-Duval et al., 2008) and may be related to difference in chicken genotype, but it is also likely that the longer time postmortem until DL measurement in this study contributed to the differences. Although there are some studies that show a possible genetic basis for meat quality traits, such as loss of calcium homeostasis and sarcolemma integrity, and an increase in stress markers such as creatine and pyruvate kinases, heat shock proteins, and triose phosphate isomerase, there are other studies that do not support a correlation between genetics and meat quality (Petracci et al., 2009 ). In another study using the Arkansas randombred chickens, protein markers associated with GR and WHC were identified using 2-dimensional gel proteomic analysis (Phongpa-Ngan et al., 2011) . Several different protein expressions were observed between SG and FG chickens. Notably, creatine kinase, associated with stress sensitivity, was overexpressed in SG chickens, but most contractile proteins, except myosin heavy chain, were underexpressed in SG chickens. For muscle that differed in WHC, differential expression of metabolic enzymes, including creatine and pyruvate kinases and a heat shock protein, were underexpressed, whereas triose phosphate isomerase was overexpressed, in extracts from muscle that was low in WHC. Different migration patterns of the same protein were observed in some cases, which suggest posttranslational modification of some proteins and subsequent confounding of the elucidation of the role of genetics on meat quality. Collectively, differential expression of key proteins involved in energy needs, thermo-tolerance, oxidative stress, and structural scaffolding based on GR or WHC suggests that breeding programs can be used to increase meat quality (Phongpa-Ngan et al., 2011) .
In conclusion, the current study indicated some differences in meat quality traits based on GR and support previous reports of differences in color and pH to predict quality. The correlation between GR and meat quality attributes traits were low, suggesting that the genetic mechanisms underlying those traits could be different. Results of this research also provide the opportunity to identify muscle that potentially has lower quality and segregate for specialized treatment to minimize DL and increase CY.
